Semiconductor nanocrystals (dots, rods, wires, etc.) exhibit a wide range of electrical and optical properties that differ from those of the corresponding bulk materials. These properties depend on both nanocrystal size and shape. Compared with nanodots, nanorods have an additional degree of freedom, the length or aspect ratio, and reduced symmetry, which leads to anisotropic properties. In this paper, we report the Au nanoparticlecatalyzed colloidal synthesis of monodisperse CdS nanorods. Based on systematic high resolution transmission electron microscopy studies, we propose a growth mechanism for these nanorods.
Introduction
Semiconductor nanocrystals (dots, rods, wires, etc.) exhibit a wide range of electrical and optical properties that differ from those of the corresponding bulk materials. These properties depend on both nanocrystal (NC) size and shape [1] . In the last decade, there has been increasing research activity on dimensionality control of NC properties, since the electrons interact differently in nanostructures having different dimensionality. One-dimensional (1D) systems are critical to the function and integration of nanoscale devices since these are the lowest dimensional structures that can be used for effi cient transport of electrons and optical excitations [2] . Compared with zero-dimensional (0D) quantum dots, 1D nanostructures such as nanorods and nanowires have reduced symmetry and an additional degree of freedom, i.e., the length or aspect ratio. They are capable of exhibiting physical phenomena, such as linearly polarized light emission, that are not observed in spherical nanocrystals. Semiconductor nanorods and nanowires have been attracting great interest for applications in nanoelectronics, photonics, data processing, and biological and medical sensing.
To date, significant progress has been made in the fabrication of 1D nanostructures for a variety of materials, mainly semiconductors but also including metals and metal oxides. Several approaches are commonly used for the generation of 1D nanostructures, including surfactant controlled growth, growth with catalysts (solution-liquid-solid, SLS and vapor liquid solid, VLS), growth by oriented attachment, templated growth and growth in the presence of an external fi eld [3, 4] . Of these methods, the fi rst two are the most commonly used techniques for the synthesis of 1D nanostructures. Peng and Alivisatos first demonstrated growth of CdSe nanorods using a binary mixture of the surfactants hexylphosphonic acid and trioctylphosphine oxide [5] . The preferential adsorption of phosphonic acid groups onto certain facets of the nanocrystals facilitated the anisotropic growth along the c-axis and thus induced the anisotropic growth of CdSe nanocrystals along this particular axis [5] . They also synthesized CdTe nanorods and branched nanorods using similar methods [3, 6, 7] . In the SLS approach, the catalysts are usually colloidal metal nanoparticles that are either injected into the solution or formed by nucleation in situ. They are believed to stay in a molten or near-molten state during the reaction. The precursor atoms dissolve in the seeds and crystals grow at the metal surface. Some examples of this method include the earliest synthesis of a series of semiconductor nanowires by Buhro et al. [8, 9] , the synthesis of InAs nanorods with Au NCs as the catalysts by Kan and Banin [10] , the synthesis of straight or branched PbSe nanowires and nanorods [11, 12] and CdSe nanowires [13] , and the preparation of Si nanowires using Au NCs as catalysts [14] .
CdS is a II VI semiconductor with a Bohr radius of 2.4 nm [15] and a direct band gap of 2.4 eV [16] . It can be used in photocatalytic hydrogen production and electricity generation [17] , in thin fi lm transistors [18] , in light-emitting diodes, and in other nonlinear optical devices [19, 20] . CdS nanorods or nanowires can be prepared by several approaches, including laserassisted catalytic growth [21] , thermal evaporation of CdS nanopowders [22] , templated growth [13, 23] and solvothermal routes [17, 24] . Recently, Carbonne et al. synthesized CdS nanorods using CdSe NPs as seeds [25] . Here we report a straightforward Au-catalyzed synthesis of monodisperse CdS nanorods with highly controlled diameter and aspect ratio. At lower reaction temperatures, amorphous CdS quantum dots were produced. At higher reaction temperatures, crystalline CdS nanorods were obtained. In some earlier work, Au CdS nanostructures with different morphologies were synthesized [26 28 ]. These reports differ from the present work either in terms of the morphologies of the products, due to subtle differences in synthetic parameters such as reaction temperature and solvent [26, 28] , or the order of precursor and seed introduction [27] . We found that a reaction temperature of 300 °C is critical for the formation of nanorods. The size of the Au seed nanoparticles has an important influence on the length and diameter of the nanorods. Systematic high resolution transmission electron microscopy (HRTEM) studies have been carried out in order to investigate the growth mechanism for these nanostructures.
Experimental
Synthesis of Au nanoparticles. Au nanoparticles were synthesized by the well-known two-phase method of Brust et al. [29] or by heating HAuCl 4 in tetralin in the presence of oleylamine [30] .
Synthesis of CdS nanorods. CdS nanorods were synthesized by anisotropic growth in a high temperature organic solution phase, using Au nanoparticles as catalyst. In a typical synthesis of the CdS nanorods, 0.5 mmol CdO and 1 mL oleic acid were mixed with 10 mL octadecene in a 125 mL four-neck flask. Under nitrogen flow, the system was heated to 200 °C until a Cd-oleate complex was formed in the solution (which became colorless). After cooling the mixture to 100 °C, either 3 nm or 10 nm Au nanoparticles (corresponding to 0.05 mmol HAuCl 4 ) in hexane were injected and the hexane was distilled out. A 2.5 mL aliquot of 0.1 mol/L sulfur solution (sulfur in a 1:4 v/v oleylamine to phenyl ether mixture) was then injected. The mixture was kept at 120 °C for 0.5 hours, and then heated to 300 °C and kept at that temperature for 3 hours. After cooling to room temperature, the mixture was treated with ethanol and centrifuged. The precipitate was redispersed in hexane.
Characterization. Absorption spectra were collected using a Shimadzu model 3101PC UV vis NIR scanning spectrophotometer over a wavelength range from 300 to 800 nm. Emission spectra were obtained using a Fluorolog-3 spectrofluorometer.
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The size and morphology of the nanorods were characterized by a JEOL JEM-100CX transmission electron microscope (TEM) at an acceleration voltage of 80 kV. The crystal structure and orientation relationship between the CdS nanorods and Au nanoparticles were investigated by a JEOL 2010 high resolution transmission electron microscope (HRTEM) at an acceleration voltage of 200 kV. X-ray diffraction patterns were recorded using a wide-angle powder X-ray diffractometer (XRD, Siemens D500) with Cu K radiation.
Results and Discussion
When the reaction was performed at a relatively low temperature (120 ˚C), a thin shell of CdS material was found to be coated on the outside of the Au nanoparticle seeds (TEM images not shown here). Electron diffraction results suggest that the shell is amorphous. It can be assumed that the main reaction in the low temperature process is the adsorption of the precursors and the nucleation of amorphous CdS shells on the Au nanoparticles, since it is well known that sulfur bonds strongly to Au. The samples do not show any photoluminescence.
At a higher reaction temperature (300 ˚C), crystalline nanorods were formed. Figure 1 shows a low magnification TEM image of CdS nanorods with 3 nm Au nanoparticles attached at one end. The darker region is the Au seed and the lighter area is CdS. The dimensions of the CdS nanorods are 7 ± 1 nm in diameter and 25 ± 3 nm in length. The HRTEM images of these binary hybrids are shown in Fig. 2 . Both the Au and CdS are well crystallized. Careful examination of many HRTEM images suggests that most CdS nanorods are single crystals. The nanorods have the wurzite structure, with about 95% of the rods grown with the c-axis oriented along the growth direction, as shown in Fig. 2(a) . The inset is a fast Fourier transform (FFT) pattern, which clearly shows that the CdS nanorods are single crystals, and the pattern can be indexed to the [100] zone axis of the wurzite structure. A small fraction (< 5%) of the rods grow with their c-axis perpendicular to the long axis, as shown in Fig. 2(b) . When larger (10 nm) Au seeds were used as catalysts, the resulting nanorods are larger in dimensions, and monodisperse with uniform diameter and length. As shown in Fig. 3 , the average diameter is 10 ± 1 nm and length is 120 ± 4 nm. Most of the CdS nanorods are detached from the Au seeds and, locally, they self-assemble into aligned patterns. Detailed crystal structures of single CdS nanorods were characterized by HRTEM, as shown in Fig. 4 . Examining many HRTEM images reveals the singlecrystalline nature of the nanorods, with surface roughness less than 0.5 nm. The lattice spacing is identifi ed to be 0.336 nm, corresponding to the (002) plane of the wurzite CdS structure parallel to the long axis of the nanorods, which is the same as for the nanorods grown with 3 nm Au seeds. The inset in Fig. 4(a) is an FFT pattern from the larger CdS nanorod, which can be indexed as the [100] zone a b axis of the wurzite structure. In some of the samples, extended defects, most prominently stacking faults (SFs) can be observed at one end of the CdS nanorods as shown in Fig. 4(b) , presumably resulting from the lattice mismatch between Au seeds and CdS. The energy-dispersive X-ray analysis (EDX) spectrum for the larger CdS nanorods shows the presence of Cd and S elements in the rods with an approximate molar ratio of 1.1:1. The growth mechanism of the CdS nanorods is expected to be consistent with SLS. For SLS, typically the catalyst (Au NPs in this case) should be in a molten state. Although it is well known that the melting point of nanoparticles scales with size and a reduction of the bulk melting point of 1064 °C for Au of up to a few hundred degrees can be expected [31] , this still far exceeds the temperature (300 °C) used in the reaction. Therefore it is unlikely that the whole nanoparticle catalyst melts. However, the surface melting temperature of NPs can be significantly lower than their interior due to the reduced number of cohesive bonds [32] . The quasi-molten surface layers will enhance the dissolution of the precursor materials and precipitation of solid crystals to form nanorods upon supersaturation. Meanwhile, since only the surface layer is mobile, the underlying symmetry of the crystal lattice of Au is preserved, which guides the heteroepitaxial growth of CdS nanorods. The growth of the rod-like geometry is a result of the crystal structure of wurzite CdS, which has strong tendency to grow along the closestpacked [001] direction. This is confirmed by careful examination of many HRTEM images.
HRTEM investigations on a small fraction of nanorods with Au seeds still attached can provide detailed information on the orientation relationship between Au particles and CdS nanorods. The most frequently observed Au/CdS interfaces are shown by the HRTEM images in Fig. 5 , in which several types of heteroepitaxial relationship can be observed. (001) and Au(110)/CdS(001) can be stated in terms of continuity of atomic planes at the interfaces. For both conditions, the CdS(2-10) plane coincides with the Au(002) plane with a ~1.4% misfit. However, there cannot be one-on-one lattice matching in the perpendicular direction. Instead, a regular correspondence between the two lattices can be envisioned as being every eight adjacent CdS(100) planes coinciding with seven Au(010) planes in (b), and ten Au(110) planes in (c). Occasionally, CdS nanorods were also found to grow on a highindex Au planes (not shown here). Schematics of the (Fig. S-1 ). It is likely that the epitaxial interfaces emerge from the crystallization of the amorphous CdS shell grown at low temperatures. As the temperature is raised, Au NP surfaces become molten and start to precipitate more CdS. The nanorods grow in length by pushing the initially nucleated material away from the Au seeds, during which the epitaxial relationship is retained. As will be discussed below, such epitaxial growth is critical for achieving uniform length of the nanorods.
The extremely uniform length of the nanorods is probably the result of the competition between the interface strain energy and bonding energy between the Au and CdS. The lattice mismatch between Au and CdS causes strain between the two components. The total elastic strain energy scales with the length of the nanorod, while the chemical bonding energy is proportional to the interfacial area. As the aspect ratio increases, the elastic strain energy will eventually exceed bonding energy, and the rods will cleave from the surface of Au seeds and become free-standing nanorods. In the SLS mechanism, the precursor is fed from the catalyst side. Once the Au NP detaches from the nanorod, the CdS will cease growing. To confi rm this proposed growth mechanism, two further experiments were performed: (1) In the fi nal stage the synthesis temperature was kept at 300 °C for 40 min. instead of 3 h, and the reaction was subsequently quenched. The length of the CdS nanorods is found to be much shorter than 120 nm and varies widely, from 10 30 nm. All nanorods are still attached with Au NPs. This suggests that the nanorods do not grow at the same rate. However, they do grow to their full length as governed by the competing surface energetics as long as sufficient time is allowed. (2) In the final stage the synthesis temperature was kept at 300 °C for 12 h. The nanorod morphology is the same as those heated for 3 h, suggesting that once the nanorods detach from the Au catalysts, no further growth can occur. Therefore the length of the nanorod is governed by a self-limiting process. Figure 6 (a) shows the UV vis absorption spectra of the smaller CdS Au hybrid nanorods and larger CdS nanorods. The UV vis spectrum of CdS Au hybrid nanorods shows an absorption edge at 485 nm and that of the larger CdS nanorods appears at 490 nm. Figure 6 (b) shows the PL spectra of CdS Au hybrid nanorods and larger CdS nanorods synthesized at 300 °C. Compared with pure CdS quantum dots, the intensity of the PL peak (at 490 nm) of the CdS Au hybrid nanorods is signifi cantly reduced. This is due to the intimate contact of the CdS nanorod with Au, facilitating the transfer of photo-generated electrons from the semiconductor to the metallic component, and reducing the charge recombination. This phenomenon is consistent with previous reports for hybrid CdS Au nanostructures [27] . The PL spectrum of the larger CdS nanorods shows a band edge emission at 495 nm along with a much stronger and broader low-energy peak centered at 750 nm. The latter is believed to result from the trap-state emission arising from surface defect sites. These optical measurements are consistent with previous work and both the absorption and band edge emission spectra are blue-shifted from the bulk band gap value of CdS at 517 nm due to the quantum confinement in the transverse direction [28] .
Conclusions
In summary, we report the solution phase synthesis of CdS nanorods catalyzed by Au nanoparticle seeds. Smaller 3 nm seeds lead to CdS Au hybrid nanorods and larger 10 nm seeds result in monodispersed free-standing CdS nanorods. The nanorods grow primarily along the [001] axis of the wurzite structure. The monodispersity, with extremely uniform length and diameter, is governed by the competition between surface bonding energy and strain energy during the SLS growth. Both nanostructures show absorption that is blue-shifted slightly from the bulk CdS band-gap. A weak PL emission is observed for CdS-Au hybrid nanorods, whilst larger CdS nanorods show a strong and broad surface defect PL emission. 
